The effect of oxygen-enriched air on low-rank coal char combustion was experimentally investigated. In this work, a coal-heating reactor equipped with a platinum wire mesh in the reaction chamber was used to analyze the combustion temperature, reaction time, and reaction kinetics. Increasing the oxygen content of the primary combustion air increased the combustion temperature and decreased the reaction time. As the oxygen content increased from 21% to 30%, the average temperature increased by 47.72 K at a setup temperature of 1673 K, and the reaction time decreased by 30.22% at the same temperature. The graphite sample exhibited similar trends in temperature and reaction time, although the degree of change was smaller because the pores produced during char devolatilization expanded the active surface available for oxidation of the char sample. A mathematical model was used to define the intrinsic kinetics of the reaction. As the oxygen content increased from 21% to 30%, the reaction rate of the low-rank coal char increased. These results were also compared with those of the graphite sample.
Introduction
Coal is used to generate electricity in coal-fired power plants, despite it being an old technology, due to its abundance and low cost. However, almost half of reserves in the world are low-rank coal, and there is a policy burden due to the high price of high-rank coal. Therefore, in recent years several efforts have been made to develop technologies for utilizing the relatively inexpensive low-rank coal [1, 2] .
Drying and dewatering technologies for low-rank coal have been reported by many researchers. Both evaporative drying technologies such as rotary drying, fluidized-bed drying, and hot-oil-immersion drying, and non-evaporative drying technologies, such as the hydrothermal dewatering, mechanical/thermal dewatering, and solvent extraction have been studied to enable the utilization of low-rank coal as a high-efficiency energy resource [3] . Various reaction models have been suggested to improve the combustion of low-rank coal [4, 5] . A wire-heating reactor was used to measure the temperature of low-rank coal char, and a spot-ignition model was suggested for the evaluation of the intrinsic reaction kinetics and the prediction of the ignition temperature [6] . A pressurized wire-heating reactor was also used to predict the gasification kinetics of low-rank coal char in a CO 2 atmosphere. The study indicated that the reaction kinetics were affected by elevated pressure (up to 30 atm) and high temperature (up to 1723 K) [7] . However, single particle measurements of coal char ignition temperature or gasification reaction kinetics cannot provide small ad: air-dry basis; daf: dry and ash-free basis; Oxygen by difference.
Coal Heating Reactor
The experimental setup of the coal-heating reactor for the proposed oxygen-enriched combustion is shown in Figure 2 [27] . The heating reactor can be used for combustion under hightemperature conditions of up to 1750 K. A Pt wire mesh in the chamber was used to generate heat using a direct current (DC) electrical power supply (OPE-18100S, 4.7 kW, ODA Technologies Co., Ltd., Incheon, Korea) that was controlled using computer software. In this study, the temperatures used for coal heating were measured as 1373, 1473, 1573, and 1673 K.
The Pt mesh (99.9% purity) had a wire diameter of 0.04 mm, and the wire interval was 75 μm. In order to obtain the combustion temperature and reaction time, a thermocouple was located at the center of the Pt mesh.
Coal char samples were loaded onto the wire mesh in a thin layer configuration, as shown in Figure 2a . Figure 2b shows the heating state, in which the Pt mesh was heated in the coal-heating reactor. The primary reactant gas was introduced to the chamber during combustion from the atmosphere or from a mixed gas tank for the 21% and 30% oxygen conditions, respectively, and was released back into the atmosphere after combustion. 
The experimental setup of the coal-heating reactor for the proposed oxygen-enriched combustion is shown in Figure 2 [27] . The heating reactor can be used for combustion under high-temperature conditions of up to 1750 K. A Pt wire mesh in the chamber was used to generate heat using a direct current (DC) electrical power supply (OPE-18100S, 4.7 kW, ODA Technologies Co., Ltd., Incheon, Korea) that was controlled using computer software. In this study, the temperatures used for coal heating were measured as 1373, 1473, 1573, and 1673 K.
The Pt mesh (99.9% purity) had a wire diameter of 0.04 mm, and the wire interval was 75 µm. In order to obtain the combustion temperature and reaction time, a thermocouple was located at the center of the Pt mesh.
Numerical Methods for Kinetics
In this study, a mathematical model was suggested for the calculation of the reaction kinetics of coal char combustion with an oxygen content of 21-30% after devolatilization. The carbon conversion ratio can be expressed as:
where 0 m is the initial mass of the coal char, t m is the mass of the coal char at time t, and ash m is the mass of the ash content.
The apparent reaction rate ( app R ) is expressed as:
where is the change of carbon conversion over time. The random pore model (RPM) is widely used to simulate changes in the micropore structure of coal char. However, when considering most low-rank coal or biomass, the random pore model does not fit well with observations. In order to achieve more accurate pore development modeling and reaction rate correlations, the Flexibility-Enhanced Random Pore Model (FERPM) proposed by Lisandy et al. was used in this study [22] . During the coal char oxidation reaction, the loss of coal char occurs rapidly. Thus, the micropore structure of the coal char also changes rapidly. In order to calculate the pore development ( ), the RPM and FERPM were both used in this study, and they are shown below:
where and are the initial reaction rates as a function of the temperature, and and are the structural parameters. , and are extra parameters for improving the accuracy of the prediction. 
where m 0 is the initial mass of the coal char, m t is the mass of the coal char at time t, and m ash is the mass of the ash content. The apparent reaction rate (R app ) is expressed as:
where R app is the change of carbon conversion over time. The random pore model (RPM) is widely used to simulate changes in the micropore structure of coal char. However, when considering most low-rank coal or biomass, the random pore model does not fit well with observations. In order to achieve more accurate pore development modeling and reaction rate correlations, the Flexibility-Enhanced Random Pore Model (FERPM) proposed by Lisandy et al. was used in this study [22] . During the coal char oxidation reaction, the loss of coal char occurs rapidly. Thus, the micropore structure of the coal char also changes rapidly. In order to calculate the pore development (S g ), the RPM and FERPM were both used in this study, and they are shown below:
where k RPM and k FERPM are the initial reaction rates as a function of the temperature, and ψ RPM and ψ FERPM are the structural parameters. a, b and c are extra parameters for improving the accuracy of the prediction. In order to determine the intrinsic reaction rate of the coal char oxidation (R in , g/cm 2 ·s), an nth-order rate equation was used. The nth-order rate equation of the global reaction can be expressed in its Arrhenius form as:
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where A in is the intrinsic pre-exponential factor, E in is the intrinsic activation energy, R u is the universal gas constant, T p is the coal char particle temperature, P O 2 ,∞ is the partial pressure of oxygen in the ambient atmosphere, and n is the reaction order, which was derived from the experimental results. This equation is defined by the reaction order and two Arrhenius parameters, A in and E in . In order to analyze the oxidation of the coal char, the effect of the internal and external effectiveness factors should be considered. The apparent reaction rate is then expressed as [28] :
The internal effectiveness factor can be defined by the Thiele modulus (φ), which was developed to determine the relationship between the diffusion and the reaction rate in a microporous structure [29, 30] : 
where is the porosity, D is the diffusivity, and τ is the tortuosity coefficient of the coal char pore, and its value is assumed to 1.414 [31] . The diffusivity, D, is calcas:
where D AB is the binary diffusivity and D k is the Knudsen diffusivity, which is the diffusion that occurs when the diameter of the pore is comparable to or smaller than the mean free path of the gas particles involved. These diffusivities are expressed as [29] [30] [31] :
where d pore is the diameter of the coal char pore, M A is the molar mass, M AB is the mixed molar mass of A and B, σ AB is the particle collision diameter, Ω AB is the collision integral, and P is the total pressure of the system. The external effectiveness factor (η ex ) is an expression of gas transport to the boundary layer, which is the ratio of the partial pressure of the particle surface to the ambient atmosphere surrounding the coal char particle, and is expressed as:
The kinetic coefficients of the reaction can be considered by the linear regression method as follows:
ln( R app Table 2 shows the variations in combustion temperature and reaction time for low-rank coal char and graphite when the oxygen content of the primary combustion air in the coal-heating reactor was increased from 21% to 30%. The experimental data are the mean value from 10 of replicate experiments and measurements. The setup temperature, or the combustion temperature during char oxidation, was set to four values. Most of the results shown in Table 2 show more significant reaction time reductions in the lower temperature region (e.g., a 35-38% reaction time reduction at a setup temperature of 1373 K, as compared to a 28-30% reduction at a setup temperature of 1673 K). These results suggest that improved reaction rates can be achieved at lower combustion temperatures. In the case of low-rank coal char at a setup temperature of 1373 K, the difference between the maximum temperatures for oxygen contents of 21% and 30% was 9 K. When the setup temperature was increased, this temperature difference tended to increase. The difference between the maximum temperatures was 47 K at a setup temperature of 1673 K.
Results and Discussion

Combustion Temperature and Reaction Time
In comparison, graphite exhibited an identical trend to that of the low-rank coal char. In the case of graphite at a setup temperature of 1373 K, the difference between the maximum temperatures for oxygen contents of 21% and 30% was 21 K. Additionally, it exhibited an increase in maximum temperature of 59.06 K at a setup temperature of 1673 K.
The results suggest that low-rank coal char developed a surface pore structure during the devolatilization process, and that this pore structure contributed to the combustion reaction by increasing the surface area. On the other hand, graphite, which has a carbon content of 99.21%, had a poor pore structure. It therefore exhibited a slow reaction at relatively low setup temperature. However, a higher environmental temperature resulted in a more effective surface for combustion, with the oxidation reaction occurring so rapidly at the particle surface that the oxidation gas could not diffuse through the pores. For this reason, the reaction time for graphite became similar to that of low-rank coal char at temperatures around 1673 K. 
Reaction Kinetics
The surface area of coal char as calculated by RPM and FERPM can be expressed as follows:
An experiment was performed during thermogravimetric analysis (TGA) in order to define the structural parameters ψ RPM and ψ FERPM . Samples of 15 mg of coal char or graphite were heated to 1273 K at a ramp rate of 20 K/min under a N 2 atmosphere. After remaining isothermal at 1273 K for 10 min, the gas was changed to air and the samples were reacted isothermally at 1273 K for 30 min. The structural parameters ψ RPM and ψ FERPM were obtained by fitting the TGA analyses with the RPM and FERPM, as shown in Figures 3 and 4 . As discussed previously, the surface areas S g determined in Figures 3 and 4 shows that graphite had almost no microporous structure when compared to the low-rank coal char. Moreover, the FERPM was calculated using a correction function with the optimal values of the pore development model during coal combustion, including gasification. The correlation coefficient between the experimental and fitting results using the RPM was 0.6532 for low-rank coal char, while the value for graphite was 0.8376. The FERPM led to much higher correlation coefficients, with the value for low-rank coal char being 0.9956, and that for graphite being 0.9980. The improvement in the fitting correlation would be very helpful for modeling purposes as predictions that are more accurate can be made using the revised model. Table 3 summarizes the calculated structural parameters (ψ) and initial particle surface areas (S 0 ) of low-rank coal char and graphite. The structural parameter of low-rank coal char shows a good agreement with the prediction obtained by using the equation proposed by the literature [22] , which predicts that the coal with a fixed carbon content of 42% should have a structural parameter about 0.46. However, the results for graphite, which has a carbon content of 98%, did not agree with the value provided by FERPM equation, which predicted a structural parameter of around 1. This may be due to the different fuel types used in the literature, which predicted structural changes for the thermal coal. This means that graphite was not considered in the range of fuel types used by the literature.
An experiment was performed during thermogravimetric analysis (TGA) in order to define the structural parameters and . Samples of 15 mg of coal char or graphite were heated to 1273 K at a ramp rate of 20 K/min under a N2 atmosphere. After remaining isothermal at 1273 K for 10 min, the gas was changed to air and the samples were reacted isothermally at 1273 K for 30 min. The structural parameters and were obtained by fitting the TGA analyses with the RPM and FERPM, as shown in Figures 3 and 4 . As discussed previously, the surface areas determined in Figures 3 and 4 shows that graphite had almost no microporous structure when compared to the low-rank coal char. Moreover, the FERPM was calculated using a correction function with the optimal values of the pore development model during coal combustion, including gasification. The correlation coefficient between the experimental and fitting results using the RPM was 0.6532 for low-rank coal char, while the value for graphite was 0.8376. The FERPM led to much higher correlation coefficients, with the value for low-rank coal char being 0.9956, and that for graphite being 0.9980. The improvement in the fitting correlation would be very helpful for modeling purposes as predictions that are more accurate can be made using the revised model. Table 3 summarizes the calculated structural parameters ( ) and initial particle surface areas ( ) of low-rank coal char and graphite. The structural parameter of low-rank coal char shows a good agreement with the prediction obtained by using the equation proposed by the literature [22] , which predicts that the coal with a fixed carbon content of 42% should have a structural parameter about 0.46. However, the results for graphite, which has a carbon content of 98%, did not agree with the value provided by FERPM equation, which predicted a structural parameter of around 1. This may be due to the different fuel types used in the literature, which predicted structural changes for the thermal coal. This means that graphite was not considered in the range of fuel types used by the literature. The coal char surface area ( ) was used to determine the intrinsic reaction rate, as discussed in Equation (5). The reaction order (n) can be calculated by linearly fitting the natural logarithm value of the , and , as described in Equation (16) , with the calculated reaction order for lowrank coal char being 0.51 and the value for graphite being 0.73. The calculated reaction order results are presented in Figure 5 . Oxidation reaction rates and surface areas (S g ) for the carbon conversion of graphite as calculated by the RPM and FERPM using TGA apparatus. Table 3 . Calculated structural parameters (ψ), FERPM parameters, and initial particle surface areas (S 0 ) of low-rank coal char and graphite. The coal char surface area (S g ) was used to determine the intrinsic reaction rate, as discussed in Equation (5). The reaction order (n) can be calculated by linearly fitting the natural logarithm value of the η ex P O 2 ,∞ and R app , as described in Equation (16) , with the calculated reaction order for low-rank coal char being 0.51 and the value for graphite being 0.73. The calculated reaction order results are presented in Figure 5 . The coal char surface area ( ) was used to determine the intrinsic reaction rate, as discussed in Equation (5) . The reaction order (n) can be calculated by linearly fitting the natural logarithm value of the , and , as described in Equation (16), with the calculated reaction order for lowrank coal char being 0.51 and the value for graphite being 0.73. The calculated reaction order results are presented in Figure 5 . In order to allow for a comparison of the reaction rate constants when considering oxygen diffusion, the apparent and intrinsic kinetics are shown in Figures 6 and 7 , and Table 4 , calculated by the linear regression method using Equation (15) . From an Arrhenius plot, Ln k versus 1/T, a linear relationship is obtained and according to Equation (15) , the activation energy and the pre-exponential factor can be calculated. The results imply that the intrinsic and apparent reaction kinetics considered both internal and external effectiveness factors at ambient oxygen concentrations of 21% and 30% as the temperature increased. Low-rank coal char and graphite both showed more significant differences between their intrinsic and apparent reaction kinetics at increased temperatures. Moreover, the results suggest that the samples were diffusion controlled, with the effectiveness factors shown in Figures 8 and 9 providing evidence to support this conclusion. To evaluate the effectiveness factors obtained from the intrinsic reaction rates at high a temperature, the external effectiveness factor decreased from 1 to 0.95, with graphite being slightly more affected by the external effectiveness factor. Meanwhile, the internal effectiveness factors decreased significantly as the temperature dropped. This implies that the reaction rates of the two samples were controlled by diffusion at high temperatures [6] .
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In order to allow for a comparison of the reaction rate constants when considering oxygen diffusion, the apparent and intrinsic kinetics are shown in Figures 6 and 7 , and Table 4 , calculated by the linear regression method using Equation (15) . From an Arrhenius plot, Ln k versus 1/T, a linear relationship is obtained and according to Equation (15) , the activation energy and the pre-exponential factor can be calculated. The results imply that the intrinsic and apparent reaction kinetics considered both internal and external effectiveness factors at ambient oxygen concentrations of 21% and 30% as the temperature increased. Low-rank coal char and graphite both showed more significant differences between their intrinsic and apparent reaction kinetics at increased temperatures. Moreover, the results suggest that the samples were diffusion controlled, with the effectiveness factors shown in Figures 8 and 9 providing evidence to support this conclusion. To evaluate the effectiveness factors obtained from the intrinsic reaction rates at high a temperature, the external effectiveness factor decreased from 1 to 0.95, with graphite being slightly more affected by the external effectiveness factor. Meanwhile, the internal effectiveness factors decreased significantly as the temperature dropped. This implies that the reaction rates of the two samples were controlled by diffusion at high temperatures [6] .
It is apparent from the plots and the table that increasing the amount of oxygen in the atmosphere increased the burning rate in the char kinetics, in spite of the faster char combustion rates.
The absolute values of the slopes of Figures 6 and 7 give the activation energies, E, and the intercepts with the y-axis provide the natural logarithms of the pre-exponential factors, A. In order to allow for a comparison of the reaction rate constants when considering oxygen diffusion, the apparent and intrinsic kinetics are shown in Figures 6 and 7 , and Table 4 , calculated by the linear regression method using Equation (15) . From an Arrhenius plot, Ln k versus 1/T, a linear relationship is obtained and according to Equation (15) , the activation energy and the pre-exponential factor can be calculated. The results imply that the intrinsic and apparent reaction kinetics considered both internal and external effectiveness factors at ambient oxygen concentrations of 21% and 30% as the temperature increased. Low-rank coal char and graphite both showed more significant differences between their intrinsic and apparent reaction kinetics at increased temperatures. Moreover, the results suggest that the samples were diffusion controlled, with the effectiveness factors shown in Figures 8 and 9 providing evidence to support this conclusion. To evaluate the effectiveness factors obtained from the intrinsic reaction rates at high a temperature, the external effectiveness factor decreased from 1 to 0.95, with graphite being slightly more affected by the external effectiveness factor. Meanwhile, the internal effectiveness factors decreased significantly as the temperature dropped. This implies that the reaction rates of the two samples were controlled by diffusion at high temperatures [6] .
The absolute values of the slopes of Figures 6 and 7 give the activation energies, E, and the intercepts with the y-axis provide the natural logarithms of the pre-exponential factors, A. In order to define the intrinsic kinetics of the reaction, a mathematical model was used. The activation energy of the low-rank coal char sample reacted at an O2 concentration of 21% was 85.5 kJ/mol, and the pre-exponential factor was 8.956 × 10 g/cm • s • atm , whereas the low-rank coal char sample reacted at an O2 concentration of 30% had an activation energy of 71.4 kJ/mol and a pre-exponential factor of 4.186 × 10 g/cm • s • atm . Similarly, the activation energy of the graphite sample reacted at an O2 concentration of 21% was 136.6 kJ/mol, and the pre-exponential factor was 5.954 × 10 g/cm • s • atm , whereas the graphite sample reacted at an O2 concentration In order to define the intrinsic kinetics of the reaction, a mathematical model was used. The activation energy of the low-rank coal char sample reacted at an O2 concentration of 21% was 85.5 kJ/mol, and the pre-exponential factor was 8.956 × 10 g/cm • s • atm , whereas the low-rank coal char sample reacted at an O2 concentration of 30% had an activation energy of 71.4 kJ/mol and a pre-exponential factor of 4.186 × 10 g/cm • s • atm . Similarly, the activation energy of the graphite sample reacted at an O2 concentration of 21% was 136.6 kJ/mol, and the pre-exponential factor was 5.954 × 10 g/cm • s • atm , whereas the graphite sample reacted at an O2 concentration Figure 9 . Effectiveness factors as a function of particle temperature at an ambient oxygen concentration of 30%. It is apparent from the plots and the table that increasing the amount of oxygen in the atmosphere increased the burning rate in the char kinetics, in spite of the faster char combustion rates. The absolute values of the slopes of Figures 6 and 7 give the activation energies, E, and the intercepts with the y-axis provide the natural logarithms of the pre-exponential factors, A.
In order to define the intrinsic kinetics of the reaction, a mathematical model was used. The activation energy of the low-rank coal char sample reacted at an O 2 concentration of 21% was 85.5 kJ/mol, and the pre-exponential factor was 8.956 × 10 −4 g/cm 2 ·s·atm n , whereas the low-rank coal char sample reacted at an O 2 concentration of 30% had an activation energy of 71.4 kJ/mol and a pre-exponential factor of 4.186 × 10 −4 g/cm 2 ·s·atm n . Similarly, the activation energy of the graphite sample reacted at an O 2 concentration of 21% was 136.6 kJ/mol, and the pre-exponential factor was 5.954 × 10 −1 g/cm 2 ·s·atm n , whereas the graphite sample reacted at an O 2 concentration of 30% had an activation energy of 121.7 kJ/mol and a pre-exponential factor of 2.315 × 10 −1 g/cm 2 ·s·atm n . Based on these results, it can be seen that increasing the oxygen concentration in combustion promoted the char reaction rate and lowered the activation energy. The intrinsic kinetics derived from the mathematical model showed the same trend as the experimental results. As the oxygen content increased, the reaction rates of both the coal char and the graphite sample increased. Thus, oxygen-enriched combustion could help to enlarge fuel range utilization so that low-rank coal, which is hardly used in coal-fired boilers, can be used as a more common fuel.
Conclusions
A coal-heating reactor was utilized for oxygen-enriched combustion with oxygen concentrations of 21-30%. It consisted of a Pt wire mesh for generating heat from a DC power supply and a setup temperature controller. Low-rank coal char samples (75-90 µm) produced from pyrolysis of the raw coal were used as fuel for char oxidation, and the experimental results were compared with those obtained by using graphite with a carbon content of 99.12 wt %.
As the oxygen content in the reactor atmosphere was increased from 21% to 30%, the combustion temperature of the low-rank coal char increased by 47.72 K at a setup temperature of 1673 K, whereas the reaction time decreased by 30.22% at the same temperature. The graphite sample exhibited similar trends in combustion temperature and reaction time. This suggests that the difference between the temperature changes of the two samples at a low temperature was caused by the development of a microporous structure during the initial stage of combustion. A numerical model was chosen for calculating the reaction kinetics of the coal char in the presence of an oxygen content of 21-30%.
The structural parameters used in the fitting of the low-rank coal experiment result in a good agreement between the FERPM and predictions from previous work. However, in the case of graphite, a parameter outside of the predicted range was observed. This shows that the application of the prediction model proposed in the previous work to a wider range of fuel types is improper, despite the good agreement between the result and the model when using a prediction of the fitting parameter outside of the usual range.
The activation energy of the low-rank coal char sample when reacted in an atmosphere with an oxygen content of 21% was 85.5 kJ/mol, and the pre-exponential factor was 8.956 × 10 −4 g/cm 2 ·s·atm n . The low-rank coal char sample reacted at 30% oxygen content and had an activation energy of 71.4 kJ/mol and a pre-exponential factor of 4.186 × 10 −4 g/cm 2 ·s·atm n . The value of the activation energy was reduced at 30% oxygen content. Therefore, it is apparent that the reactivity of the low-rank coal char improved in a 30% oxygen atmosphere when compared to its reactivity in a 21% oxygen atmosphere. Furthermore, the graphite sample exhibited the same trend as was seen for the experimental results for the low-rank coal char. 
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